PURPOSE. Studies of myopia in mice have been complicated by the difficulty in obtaining accurate measurements of small changes observed in the growing mouse eye in vivo and the lack of data on refractive eye development. The purpose of this study was to carry out an in vivo high-resolution analysis of mouse eye growth and refractive development. METHODS. High-resolution small animal magnetic resonance imaging and high-resolution infrared photorefraction were used to analyze refractive development in postnatal day (P)21 to P89 C57BL/6J mice. RESULTS. The growth of the mouse eye decelerated after P40. The eye maintained a slightly prolate shape during growth. The anterior chamber growth exhibited a similar pattern, whereas the corneal radius of curvature (CRC) increased linearly. The growth rate of the lens remained constant until P89. The lens "overgrew" the eye at P40, resulting in a decline in vitreous chamber depth. Mice showed myopic refractive errors at a younger age (Ϫ13.2 Ϯ 2.0 D; mean Ϯ SD, P21). The refractive errors stabilized around emmetropic values by P32 and remained emmetropic until P40. Mice became progressively hyperopic with age (ϩ1.2 Ϯ 1.7 D, P67; ϩ3.6 Ϯ 2.3 D, P89). CONCLUSIONS. Development of ocular components in the mouse is similar to that of the tree shrew but different from that of higher primates and humans. Primary differences can be attributed to the age-related changes of the crystalline lens and CRC. In spite of these differences, mice appear to be able to achieve and maintain emmetropic refractive status at P32
P ostnatal eye development is a tightly coordinated process whereby visual input regulates growth of the eye in a process called emmetropization. 1 Emmetropization is a result of the eye's capacity to adjust its growth during early postnatal development according to the quality of the image received by the retina. In the emmetropic primate eye, the refractive power of the optical media is tightly linked to the size of its vitreous chamber. 2, 3 The failure of emmetropization often leads to the development of myopia. Approximately 20% to 30% of the myopic population has high myopia, which is often accompanied by serious complications such as retinal detachment and posterior staphyloma. 4 Myopia affects 33% of the adult population in the United States 5 and up to 80% of the school-age population in some parts of Asia, 6, 7 and it represents the seventh leading cause of blindness. 4 Degradation of the visual input by eyelid fusion, diffusers, or spectacle lenses during the early postnatal period has been shown to lead to the abnormal enlargement of the eye and the development of myopia in several vertebrate species, including nonhuman primates, 8 tree shrews, 9 and chickens. 10 The mouse, recently introduced as a model for myopia research, has a number of important advantages compared with other species traditionally used for studies of myopia. The mouse genome is completely sequenced and has 85% homology to the human genome. 11 This, combined with a number of wellestablished techniques for genome manipulation, has made it a very popular model for studies of visual system plasticity, [12] [13] [14] [15] glaucoma, 16 -18 retinal degeneration, 19 -21 and behavioral studies of vision. 14, [22] [23] [24] [25] [26] [27] For the same reasons, the mouse may become a very powerful tool in studies of refractive eye development and myopia.
Several recent cross-sectional studies of postnatal mouse eye development have established the general pattern of postnatal mouse eye growth. 28 -32 One study using optical low coherence interferometry (OLCI) measurements of the axial length suggested that the mouse eye stops growing at around postnatal day (P)40. 30 Nevertheless, other recent studies have suggested that the mouse eye grows in two phases, 28, 29, 31, 32 that is, a period of rapid growth that lasts until P40 to P60 and a period of very slow eye expansion that continues up to P300. Several recent studies of refractive eye development in mice also produced mixed results. 30 -32 Considering that all these studies were cross-sectional, their accuracy was reduced by the substantial individual variations within analyzed mouse populations. Thus, the postnatal growth pattern of the mouse eye and its refractive development have not yet been reliably characterized, primarily because of the small size of the mouse eye and substantial variations within mouse populations that masked small age-related changes in the dimensions of ocular components.
In the present study, we used high-resolution small animal magnetic resonance imaging (MRI) and high-resolution automated eccentric infrared photorefractometry to conduct a longitudinal study of the normal development of the refractive state and the dimensions of ocular components in C57BL/6J mice. We show that different eye components exhibit unique growth patterns during early postnatal development. We also show that, similar to other mammals, mice undergo emmetropization after birth. These results make the mouse a highly useful species for studies in refractive eye development and myopia.
METHODS

Animals and Experimental Design
C57BL/6J mice were obtained from the Jackson Laboratory (Bar Harbor, ME) and were maintained as an in-house breeding colony at the Wayne State University School of Medicine. For the eye growth experiment, a group of C57BL/6J mice (n ϭ 4) was analyzed using highresolution small animal MRI. High-resolution MRI images of the right eye were collected at P21, P32, P40, P67, and P89. C57BL/6J mice are known to have a relatively high incidence of microphthalmia, which affects from 4.4% to 10% of animals. 33, 34 Therefore, animals were screened for the presence of microphthalmia and other ophthalmic abnormalities, such as corneal opacities and anterior polar cataracts, often associated with this condition. 35 Animals found to have any deviation from the norm were removed from the study. All procedures adhered to the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research and were approved by the Wayne State University Institutional Animal Care and Use Committee.
High-Resolution MRI
MRI was performed as previously described. 36 On the day of the examination, animals were anesthetized via intraperitoneal injection of ketamine (90 mg/kg) and xylazine (10 mg/kg). A contrast agent, gadopentetate dimeglumine (117 mg/mL, Magnevist; Berlex Laboratories, Wayne, NJ), was used as eyedrops to highlight the anterior chamber of the eye (see Supplementary Fig . S1, http://www.iovs.org/cgi/content/ full/51/1/21/DC1, for an MRI image of the mouse eye without Magnevist [Berlex Laboratories]). Each mouse was then gently positioned on an MRI-compatible homemade holder. Animals were allowed to breathe spontaneously during the experiment. Rectal temperature was continuously monitored while the animal was inside the magnet. MRI data were acquired on a 4.7 T MRI system (Avance; Bruker BioSpin MRI GmbH, Ettlingen, Germany) using a two-turn transmit/receive surface coil (0.8-cm diameter) placed over the eye. The initial low-resolution scan in the horizontal plane of the eye was used to position the high-resolution scan in the sagittal plane of the eye. The plane for the high-resolution scan was positioned to go through the center of the lens, center of the cornea, and the optic nerve that ensured its proximity to the optical axis of the eye. Five serial low-resolution slices were collected using an adiabatic spin-echo imaging sequence (repetition time, 0.45 seconds; echo time, 13.6 ms; number of acquisitions, 1; matrix size, 256 ϫ 128; slice thickness, 1 mm; field of view, 32 ϫ 32 mm 2 ; 57 seconds for 5 slices). This resulted in an in-plane resolution of 125 m 2 . High-resolution images were collected using an adiabatic spin-echo imaging sequence (repetition time, 1 second; echo time, 13.6 ms; number of acquisitions, 4; matrix size, 512 ϫ 512; slice thickness, 0.62 mm; field of view, 12 ϫ 12 mm 2 ; 35 min/image). This resulted in an in-plane resolution of 23.4 m 2 . Sagittal virtual slices through the optical axis of the eye were obtained for each eye, and axial length, equatorial diameter, anterior chamber depth, anterior chamber width, lens thickness, vitreous chamber depth and circumference of the eye were measured using Scion Image (Scion, Frederick, MD) and derived macros. Five independent measurements were taken for each parameter and the mean Ϯ SD were calculated.
Photorefraction
The refractive state of both left and right eyes was determined on alert animals using a high-resolution automated eccentric infrared photorefractor. 37 The animal to undergo refraction was immobilized using a restraining platform, and 1% tropicamide ophthalmic solution (Alcon Laboratories, Inc., Fort Worth, TX) was instilled in both eyes to ensure mydriasis and cycloplegia. Both eyes were refracted in the dark (Ͻ1 lux) after 5 to 7 minutes of tropicamide exposure along the optical axis. Five independent measurements (5-10 seconds long) were taken for each eye. Each measurement was marked by a green LED flash, which was registered by the photorefractor software. Sixty points (a point is acquired by the system every 16 ms) from each measurement immediately preceding the green LED flash were combined, and 300 points were used to calculate the mean Ϯ SD.
Statistical Analysis
Data modeling and analysis were performed using commercially available software packages (SigmaPlot; Systat Software, San Jose, CA, and STATISTICA; StatSoft, Tulsa, OK). Linear regression analysis and ANOVA were used to analyze correlations between refraction and changes in various ocular components with age. All data are presented as mean Ϯ SD.
RESULTS
MRI of the Mouse Eye
To evaluate the feasibility of using small animal MRI to detect changes in eye dimensions in mice, we analyzed eye growth in C57BL/6J mice during the early postnatal period of development using a 4.7 T MRI system (Avance; Bruker). High-resolution sagittal slices of the right eye of each mouse through the optical axis were acquired as described in Methods ( Fig. 1 ). Gadopentetate dimeglumine eyedrops provided clear outlines of the anterior chamber of the eye and substantially increased the accuracy of the anterior chamber measurements (Fig. 1A) . A variety of ocular parameters can be extracted from such images, including axial length (AL), equatorial diameter (ED), anterior chamber depth (ACD), vitreous chamber depth (VCD), anterior chamber width (ACW), and lens thickness (LT) ( Fig. 1B) . AL was measured as the distance between the posterior surface of the cornea and the anterior surface of the sclera. ED was measured as the distance between the inner surfaces of the sclera. ACD was measured as the distance between the posterior surface of the cornea and the anterior pole of the lens. ACW was measured at the level of the anterior pole of the lens as the distance between the inner surfaces of the cornea. The ACD and ACW were used to calculate the corneal radius of curvature (CRC) as CRC ϭ (ACD/2) ϩ (ACW 2 /(8 ϫ ACD)). LT was determined as the distance between the anterior and posterior poles of the lens. VCD was measured between the posterior pole of the lens and the anterior surface of the sclera. Although xylazine was shown to reduce intraocular pressure in mice, 38 we had not encountered any problems in detecting differences in size (or absence of such differences) between the fellow eyes after ketamine/ xylazine anesthesia because normal eye turgor was maintained. 
MRI Analysis of Postnatal Eye Growth in Mice
Sequential high-resolution images of the eye in a group of C57BL/6J mice were obtained at P21, P32, P40, P67, and P89 (Fig. 2 , Table 1 ). Analysis of the axial length of the eye in this group of mice showed that the growth of the mouse eye decelerates with age, exhibiting three distinct phases during the first 89 days after birth ( Fig. 2A , Table 1 ). Phase 1 (P21-P40) is characterized by a very rapid (11 m/d, AL, P ϭ 0.002) enlargement of the eyeball. The growth rate drops to 3 m/d (AL, P ϭ 0.0005) during the second phase (P40 -P67) and slows to 2 m/d (AL, P ϭ 0.0004) during the third phase (P67-P89). The eye maintains a slightly prolate shape during these early stages of postnatal development (Fig. 2B, Table 1 ). A similar growth pattern was observed for the anterior chamber, which grows in size at a constant rate of 0.7 m/d (ACD, P ϭ 0.16) until P40, when its growth rate begins to level off (Fig. 2C , Table 1 ). The growth of the anterior chamber is accompanied by the linear increase in the CRC (P21-P89, 4.5 m/d, R ϭ 0.997, P ϭ 0.0002; Fig. 2D , Table 1 ). The growth rate of the lens remains almost constant (6 m/d, LT, P ϭ 0.0005) until at least P89 ( Fig. 2E , Table 1 ). The lens appears to overgrow the eye at about P40, resulting in a rapid decline (P40 -P89, 2 m/d, P ϭ 0.02) of the VCD, which was increasing until this point at a rate of 0.6 m/d (P21-P40, P ϭ 0.95; Fig. 2F , Table 1 ).
Refractive Eye Development
We also analyzed age-related refractive eye development in the same group of C57BL/6J mice. The refractive errors were measured in both eyes at P21, P32, P40, P67, and P89 using the automated eccentric infrared photorefractor ( Fig. 3, Table 1 ). We found that young (P21) animals were highly myopic. The refractive errors were Ϫ13.2 Ϯ 2.0 D at day 21 (P Ͻ 0.0001). However, this initial myopic refraction was followed by emmetropization. We found that the refractive state of the mouse eye stabilized around emmetropia at P32 (Ϫ0.5 Ϯ 1.5 D; P Ͻ 0.0001) and remained in emmetropic range until P40 (ϩ0.3 Ϯ 0.9 D; P Ͻ 0.0001). Beginning with this age, we observed a hyperopic shift in refraction because P67 animals exhibited slight hyperopia (ϩ1.2 Ϯ 1.7 D; P ϭ 0.07). The hyperopic shift in refraction increased with age. The average refractive error at day 89 reached ϩ3.6 Ϯ 2.3 D (P Ͻ 0.0001).
Correlation between Ocular Growth and Refractive Eye Development
Although we did not find a significant correlation between changes in ocular parameters and refraction in younger animals (P21-P32), we found a statistically significant correlation between the refractive error and various ocular parameters in Table 1 ). Statistically significant correlations were identified between the refractive error and CRC, LT, and VCD.
older animals (P32-P89; Fig. 4 ). The refractive error positively correlated with CRC (R ϭ 0.948, P ϭ 0.05; Fig. 4C ) and LT (R ϭ 0.955, P ϭ 0.04; Fig. 4D ) and negatively correlated with VCD (R ϭ Ϫ0.961, P ϭ 0.04; Fig. 4E ). We did not find a statistically significant correlation with either AL (R ϭ 0.925, P ϭ 0.07; Fig. 4A ) or ACD (R ϭ 0.922, P ϭ 0.08; Fig. 4B ).
DISCUSSION
In cold-blooded vertebrates, such as amphibians and teleost fishes, all structural components of the eye continue to grow throughout life. 39 -42 In warm-blooded vertebrates, including humans, the postnatal eye growth takes place during the early postnatal period of development. [43] [44] [45] [46] [47] 
Postnatal Development of Ocular Components in the Mouse
The axial growth of the mouse eye appears to be similar to that of other warm-blooded vertebrate species. A recent study using OLCI measurements of axial length in a group of 23 animals suggested that the mouse eye stops growing at around P40. 30 This observation is supported by two reports that the refractive state of the juvenile mouse eye stabilizes at around P40. 31, 48 However, three recent studies using measurements of eye weight, 29 measurements on frozen sections, 31 and OLCI 28 suggested that the mouse eye grows in two phases, a period of rapid growth, which lasts from eye opening at P14 through P40 to P60 (i.e., up to the age of sexual maturity), and a period of a very slow eye expansion, which continues up to P300. Our MRI data suggest that the mouse eye grows in three distinct phases during the first 3 months of postnatal development. The first phase, which is characterized by very rapid growth (11 m/d, AL), lasts until P40. It is followed by a second phase, when the eye continues to grow at a reduced rate (3 m/d, AL) until P67. The eye continues to grow even after this point, albeit at a very slow pace of approximately 2 m/d, until P89 (the oldest animals we have analyzed). Despite the substantial deceleration of eye growth in P89 mice, the mouse eye appears to continue its growth beyond this point, in agreement with previous cross-sectional studies. 28, 29, 31, 32 Similar age-related changes in AL have been reported in other mammalian species, 49 -51 including humans. 46, [52] [53] [54] [55] [56] We found that the depth of the anterior chamber continues to increase until P40 at a constant rate. After this point, it begins to level off as overall eye growth also begins to decelerate. Although our mouse anterior chamber data are similar to the data previously reported by others 28, 31, 32 and to the data of other mammals, 49, 50, [53] [54] [55] [57] [58] [59] [60] [61] [62] our data suggest that the anterior chamber displays linear growth longer than previously demonstrated. Contrary to the recent cross-sectional study by Zhou et al., 32 we found that CRC exhibits a linear increase until P89. This is similar to what is observed in other mammalian species in which CRC exhibits an increase during the early postnatal period of development 46,49,50,53-56,58 -62 ; however, CRC increases at higher rate than in primates. The mouse crystalline lens continues to grow at a constant rate until P89 (the oldest animals we have analyzed) and obviously overgrows the rest of the eye at P40, as the depth of the vitreous chamber begins to decline after that age. This result is different from what was recently reported by Zhou et al. 32 but is similar to age-related changes in the crystalline lens and VCD observed in the tree shrew. 49 The age-related lens and VCD changes observed in the mouse and the tree shrew during the early postnatal period are different from what is described in higher primates and humans. 46, 50, [53] [54] [55] [56] [62] [63] [64] [65] [66] [67] [68] In Macaca mulatta, the initial increase in the lens thickness that continues until 12 months of age (corresponds to P40 in mice) is followed by lens thinning at 12 to 27 months of age (corresponds to P40 -P89 in mice), whereas VCD increases throughout the early postnatal period. 50 In Homo sapiens, initial lens thinning at 3 to 10 years of age (corresponds to P21-P67 in mice) is followed by the steady increase in the lens thickness that continues throughout life. 53,54,56,64 -70 VCD increases in humans throughout the early postnatal period, similar to what has been observed in M. mulatta. [53] [54] [55] 62, 63 Thus, our data suggest that the axial growth of the mouse eye is similar to the axial eye growth in primates and humans. 46, 49, 50, [52] [53] [54] [55] 71 The main differences between mice and higher primates and humans lie with the lens and the vitreous chamber. Although lens thickening causes a decrease in VCD in older monkeys and in humans older than 20 years, 51, 69 it takes place later in postnatal development than in mice. Interestingly, the wet weight of the human crystalline lens exhibits a linear growth during postnatal development similar to what we have observed in mice. 72 However, the mouse lens is rounder, less plastic, and occupies a larger portion of the eye than the human lens. 73 Mice also lack accommodation because of the rigidity of the lens and the absence of the ciliary muscle. 73, 74 Therefore, the mouse lens does not undergo flattening caused by lateral stretching exerted by the growing eye during the early postnatal period, whereas the human lens does. The growth rate of the mouse lens is also higher than it is in higher primates and humans. Thus, physiological differences between the mouse lens and the lens of higher primates and humans may explain the differences between mice and higher primates and humans in age-related changes of the lens and VCD during the early postnatal period. Lens thickening and the decline in VCD occur in higher primates and humans later in development.
Postnatal Refractive Development in the Mouse
Several studies of the normal refractive development in the mouse have suggested that mice, unlike other mammalian species, are born hyperopic and become even more hyperopic with age. 31, 37, 75, 76 Although a recent study by Zhou et al. 32 reported myopic refractive errors in younger animals (P22-P25), it also suggested that the refractive state of the mouse eye stabilizes at highly hyperopic values with age. Although these studies differed from each other with regard to the exact refraction values associated with particular ages, they all suggested that mice do not undergo emmetropization similar to other mammalian species. Contrary to these reports, we found that C57BL/6J mice are born highly myopic (Ϫ13.2 Ϯ 2.0 D, P21) and then undergo emmetropization during the first month after birth. The refractive errors stabilize around emmetropic values at P32 and remain emmetropic until P40. Beginning at that age, C57BL/6J mice become progressively hyperopic (ϩ1.2 Ϯ 1.7 D, P67; ϩ3.6 Ϯ 2.3 D, P89). This is consistent with our MRI data suggesting that the mouse eye should become progressively hyperopic after P40 because the increasing CRC and decreasing VCD would result in a hyperopic shift in refraction. This conclusion is also supported by correlation data indicating that the refractive state of the mouse eye after P32 is determined by the changes in the CRC and vitreous chamber. The correlation between refraction and LT may be secondary and simply a reflection of the role the lens plays in setting the limits of the vitreous chamber.
The highly hyperopic refractive errors previously reported in adult mice are likely to represent an artifact of measurement. Several different approaches have been used to measure refractive errors in mice, such as streak retinoscopy on the animals anesthetized with ketamine/xylazine, 75 photorefraction of the animals anesthetized with ketamine/xylazine, 76 and photorefraction of freely moving alert mice using the high-resolution automated eccentric infrared photorefractor. 31, 32, 37 We also used an automated infrared photorefractor, but our approach was different in that we subjected to refraction alert animals that were immobilized using a restraining platform to ensure refraction along the optical axis. The highly hyperopic refractive errors found in mice with streak retinoscopy were attributed to the "small eye artifact" that was suggested to result from the reflection of retinoscope light from the boundary between vitreous and retina. 77 However, further detailed studies of the optical properties of ocular tissues did not support the small eye artifact hypothesis and concluded that light is primarily reflected by the retinal pigment epithelium (RPE). 78 -83 Considering that the reflective properties of the fundus at the level of the RPE are even more pronounced in infrared light, 78, 79 the hyperopic refractive errors recorded with infrared photorefractometry cannot be explained by the small eye artifact. Therefore, we have analyzed the effect of ketamine/xylazine anesthesia on refraction in mice and found that ketamine/xylazine alone causes a hyperopic shift in refraction of 6.8 Ϯ 2.4 D (P Ͻ 0.0001). We also compared refraction data with and without the use of a restraining platform and noticed a persistent hyperopic shift when animals underwent refraction without restraint. This can be explained by the fact that refraction of freely moving mice along the optical axis of the eye is virtually impossible. Because the mouse eye has a prolate shape ( Fig. 2B ) and, therefore, is increasingly hyperopic off optical axis, refractive measurements obtained from moving animals will have hyperopic values.
Thus, our data suggest that the development of ocular components in the mouse is similar to that in the tree shrew but somewhat different from that in higher primates and humans. The primary differences can be attributed to the agerelated changes of the crystalline lens during the early postnatal period. In spite of these differences, mice can achieve and maintain a relatively emmetropic refractive status at P32 to P40.
